With the population increasing worldwide and the fast expansion of urban areas, there is an escalating exploitation of natural resources and a large, localized production of waste. The production and provision of food is increasingly consuming land and water, requiring a large use of fertilizers. At the same time, most of the existing waste-water treatment plants in cities are not energetically efficient and are not designed to retrieve and re-use a large proportion of nutrients contained in waste-water. There is thus a compelling need to find alternative uses of waste products to transform them in possible resources. Human liquid waste, available in large quantities in urban areas, might be a good candidate to replace mineral fertilizers.
Human urine contains considerable amounts of primary crop nutrients, i.e., nitrogen (N), phosphorous (P) and potassium (K), and secondary nutrients, including sulphur (S), calcium (Ca) and Magnesium (Mg). Trials of human urine applications as an organic fertilizer in small-scale agricultural plots have shown the potential to match the crop yield quantity and quality commonly achieved with mineral fertilizers.
Despite these preliminary studies, knowledge about the performance of urine as an effective fertilizer is still limited. Human urine is a mixture of more than 200 compounds including electrolytes, vitamins, hormones, and other organic and inorganic compounds. About 70 compounds have concentration higher than 10 mg/L, and correspond to a mass of about 36.8 g/L, 8.12 g/L of which is N. To date, there is no understanding of the chemical and biological breakdown processes that release end products easily accessible to roots, such as NH 4 + , PO 4 -3 , K + , SO 4 -2 , Ca +2 and Mg +2 ions. Likewise, mechanistic models to help plan fertilization applications to achieve targeted crop yields are not available.
This work thus uses a reaction network of the decomposition pathways of human urine in soils to estimate the release rate of ionic end-products required by plants. The model permits the assessment of the rate of urine applications required to meet the N, P, K, S, Ca and Mg uptake demand in extensive agriculture. We present here the chain of reactions implemented in the model and preliminary results for application in extensive cultivation of corn, potato, and soybean, which are among the most cultivated crops worldwide. The presentation focuses on primary and secondary nutrient uptake supplied by amendments of human urine in various scenarios lasting for 120 days, corresponding to a typical growing season; we considered 3 impulsive applications of human urine at 0, 35, and 80 days at fertilization rates of 0.01, 0.05, and 0.1 L m -2 with a dilution ratio of 0.1 (1 part of human urine and 9 parts of water).
Results showed that soybean was the only crop to receive the required nutrient amounts with urine applications; conversely, corn and potato plants received less than 70% of the required primary and secondary nutrients even for the largest fertilization rates tested here.
Although results are preliminary, they suggest that human urine can be effectively used in extensive agriculture to reduce the production and use of synthetic mineral fertilizer. It is possible to envision that a reactive model such as the one presented here may be used to optimized the timing and rate of urine applications. Thus, it is presumable that the effectiveness of urine fertilization may increase beyond the values reported here. Future work should focus on optimization scheme for specific crops and environmental conditions. In addition, the reactive model should be included in a numerical framework to account for transport of aquesous and gaseous species along a soil column.
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Figure 1. Chemical and biochemical breakdown pathways of major compounds found in human urine. Drawing is developed after Maggi and Daly (2013) .
INTRODUCTION
The reuse of human urine as an alternative fertilizer is receiving increasing attention. Urine contains most of the nutrients of human excreta, and it can yield considerable amounts of nitrogen (N), phosphorous (P), potassium (K), sulphur (S), calcium (Ca), and magnesium (Mg). Knowledge of the performance of human urine to flank, if not replace, mineral fertilization in agriculture is still limited although some studies showed successful use with some crops.
For example, urine applications resulted in similar plant growth characteristics as compared to those using mineral fertilizers (Pradhan et al., 2007) or led to enhanced plant height and leaf length in maize (Guzha et al., 2005) . Likewise, tests on tomatoes (Admasson, 2000) , red beet (Pradhan et al., 2010a) , pumpkin (Pradhan et al., 2010b) , maize (Mnkeni et al., 2008) and okra crops (Akpan-Idiok et al., 2012) showed very similar results, all reporting an increased plant biomass as compared to no fertilization, and a yield comparable to or higher than that from mineral fertilizers.
These studies support the idea that human urine is a feasible alternative to mineral fertilizers. Maggi and Daly (2013) have quantified that 90% of the incoming N was converted to NH 3 and NH 4 + in a time ranging from 5 to 20 days for instantaneous applications, but conversion could occur more rapidly or slowly depending on the microbial biomass concentration. For other nutrients, there is no current assessment of the rate of conversion to assimilable forms. In addition, an assessment of the extent to which nutrient release from urine amendments meets plant root uptake is also missing. This work aims at (i) proposing a reaction network of the decomposition pathways in soils of the main compounds detected in human urine, with a particular emphasis to those leading to primary (N, P, and K) and secondary (S, Ca, and Mg) nutrients, (ii) estimating the release rate of these nutrient, and (iii) determining to what extent and at which rates human urine can be used to meet the nutrient demand by corn, potato and soybean crops in extensive agriculture.
The proposed reaction network accounts for dissolved compounds that collect up to 90% of the dry mass in human urine. The model developed on the basis of this reaction network includes mechanisms sufficient to capture the main urine cycle dynamics and fills in the current lack of mechanistic accounting of the release rate and timing of various ions following urine application to soils, and their uptake rate by plants.
The model was used to analyze (i) the fraction of nutrient becoming available to selected crops after application of human urin at various rates, and (ii) the dynamics of nutrients over time with respect to time-dependent crop nutrient uptake. (Putnam, 1971) , Na + , HCO 3 -, Cl -, K + , and SO 4 -2 ions. These OAC, OAS and IS were included in the reaction network of Figure 1 , which has been extended to comprise all primary and secondary nutrients on the basis of the reaction network in Maggi and Daly (2013) .
Of interest to our work here were the catabolic kinetic reactions that break OAC with higher stoichiometric C content down to compounds with sequentially lower C content. The reactions below refer to tyrosine oxydation, hypporic acid oxydation, uric acid oxydation, creatine hydrolysis, sarcosine oxydation, glycine oxydation and urea hydrolysis 
Tyr → Urea 
while equilibrium protonation reactions of PO 4 -3 , SO 4 -2 , HCO 3 -and Cl -, and complexation of Na + , Cl -, K + , Ca +2 and Mg +2 with other ions were not explicitly included here.
Volatilization of NH3(aq) to NH3(g) was accounted as a sink in the N mass balance, and was described by an equilibrium reaction as
The reation network in Figure 1 highlights that NH 4 + and SO 4 -2 provide an entry substrate compound to biological nitrification and sulphate reduction, respectively, but these processes were not accounted for in the model presented here.
Modelling urine decomposition in soils
Biological catabolic decomposition of OACs were described with Michaelis-Menten kinetics coupled with Monod microbial biomass dynamics (Bekins et al., 1998) . Different microbial functional groups were used for the OACs. The full set of kinetic and equilibrium reactions were calibrated on various experimental data of individual compounds and are described in detail in Maggi and Daly (2013) . The equilibrium reactions of creatine and creatinine as well as between NH 3 (aq) and NH 4 + and between NH 3 (aq) and NH 3 (g) were determined by equilibrium constants.
The reactions in Eq. (1)- (10) were implemented in a soil bucket model. A constant soil water volume, V w = 1 L, was assumed at field capacity (ψ = -33 bar), i.e., any liquid amendment would result in leaching. For a given textural composition (30% sand, 35% silt and 35% clay), soil porosity φ = 45.1%, air-entry suction ψ s = -30.7 cm, and pore volume distribution index b = 8.4 were estimated according to Clapp and Hornberger (1978) , and the water content, θ = 0.34 m 3 m -3 , was determined; this corresponded to the saturation S = θ /φ = 0.75. The soil control volume in the bucket model was therefore V = V w /θ = 2.9 L. The inflow rate of urine compounds was arbitrarily controlled by the volumetric urine flow rate, F, and urine dilution factor, D (for more details see Maggi and Daly, 2013) .
The parameters determining the kinetic reactions of OACs in Section 2.1 were estimated by inverse problem solving against various experimental data sets (Maggi and Daly, 2013) and are reported in Table 2 . The Table 3 . Summary of nutrient demand for corn, potato and soybean crops elaborated from Heard (2004a Heard ( , 2004b Heard ( , 2006 Figure 2 . Ratio of elemental uptake over demand for corn, potato and soybean plants after three instantaneous human urine amendments of 0.01 Lm -2 (panels a, b and c), 0.05 Lm -2 (panels d, e, and f) and 0.1 Lm -2 (panels g, h, and i) at dilution D = 0.1 (1 part of urine and 9 parts of water).
equilibrium constant relative the equilibrium reactions were known from the EQ3/6 thermodynamic database (Wolery, 1992) .
Nutrient demand rate by corn, potato, and soybean
Data relative to nutrient demand for corn (Heard, 2004a) , potato (Heard, 2004b) , and soybean (Heard, 2006) were used with the reactive model. These data were valuable in that they included primary nutrients (N, P, and K), secondary nutrients (S, Ca, and Mg) and micronutrients (Zn, Fe, Mn, Cu and B) although, for this work, only primary and secondary nutrients were used. Nutrient demand was estimated indirectly from the elemental biomass composition at different stages of plan growth. These data allowed us to determine the average daily nutrient demand in terms of uptake rate per square meter for the three crops under investigation here (see Table 3 ). The uptake rates were used as sinks in the kinetic and equilibrium equations describing the reaction network in Figure 1 .
Simulations were carried out to investigate the extent to which human urine applications at various rates could match the nutrient uptake rate of corn, potato and soybean crops. The explored time frame for these simulations lasted for 120 days to cover the entire growing season of these crops. During this period of time, three urine frtilizations were practiced at rates equal to 0.01, 0.05, and 0.1 L m -2 at dilution D = 0.1 (1 part of urine and 9 parts of water) at times equal to 0, 35, and 80 days from seedling, which corresponded to time t = 0 d in our simulations. These applications were described in the reactive model as instantaneous sources of OACs, OASs, and ISs. It was assumed that the soil nutrient concentration at time t = 0 d was zero in order to emphasise how much and at which rate urine was required to meet the crop nutrient demand.
RESULTS

Matching crop nutrient demand
Results in Figure 2 report the percent of seasonal demand met by urine amendments. Panels in Figure 2a while corn and potato plants received less than 25% of required primary nutrients and less than 70% of secondary nutrients. Becasue soybean requires substantially less nutrient than corn and potato plants, any increase in urine amendments will exceed the nutrient demand and is not commented further here.
The panels in Figure 2d ,e and f relative to an amendment of 0.05 L m -2 increased largely the nutrient supply to corn and potato plants, which satisified at least 10% and up to 85% of required primary nutrients, and from about 8% to 100% of required secondary nutrients.
Finally, the panels in Figure 2g , h and i, relative to an amendment of 0.1 L m -2 , increased further the nutrient uptake by plants. Primary nutrients demand was satisfied by at least 50% in corn and 20% in potato, while secondary nutrients were supplied by at least 20% and 10% of the required amount, respectively. Note that, on average, at least 50% of primary and secondary nutrients together became available to plants. We infer that further increases in urine amendments would result in a better matching of the overall seasonal nutrient demand.
In running these simulations, we noted that an increase of urine amendment by a factor of 5, from 0.01 L m -2 to 0.05 L m -2 , did not result in a linear proportionality toward satisfaction of nutrient demand. A similar result was observed for amendments increased by a factor of 2, from 0.05 L m -2 to 0.1 L m -2 . These results were explained by nonlinearities in the biogeochemical concatenation of reactions and by losses of mobile ions as aqueous leachate and by NH 3 (g).
Analysis of chemicals dynamics
With the capability to track each individual compound and microbial functional group in the reactive model, an analysis of the chemical dynamics over time can be carried out. While the OACs dynamics were analysed in detail in Maggi and Daly (2013) , we focus here on the dynamics of the end-products of urine breakdown that are taken up by plants. Here, emphasis is therefore put on primary (NH 4 + , PO 4 -3 , and K + ) and secondary (SO 4 -2 , Ca +2 and Mg
+2
) nutrients.
For this analysis we focused only on the case of urine application of 0.1 L m-2 at dilution D = 0.1 at time 0, 35 and 80 days from seedling of corn plants. Sources of nutrient other than from urine amendments were excluded to better highlight the potential to supply primary and secondary nutirents from urine recycling. Sinks were included as leaching of all solute compounds (including molecules and ions) and as NH 3 (g) volatilization. The results in Figure 3 report the available nutrient content, cumulative nutrient demand and cumulative uptake for each nutrient. In all panels in Figure 3 , it is possible to note that the available nutrient content increased sharply in correspondence with urine applications. Nonlinearities were visible only for NH 4 + -N due to the biological breakdown of OACs, while all other nutrients appeared as instantaneous peaks because no or equilibrium reactions were assumed that decomposed those compounds. It is noted that when the content of a nutrient approached zero, uptake of that nutrient became negligible, putting the crop under stress.
It is important to note that these result were obtained by arbitrarily chosing the timing and rate of each application. It is clear, though, that it is possible to mathematically formulate an objective function (for example meeting the demand for each nutrient) and optimize timing, amendment rate and dilution against that function. This possible way to exploit the model is not presented here, but it is subject of current investigation.
